Residual thermal phase elastic strains in rod specimens and powders with particle size from 150 to 250 µm of α-γ Fe-Cr-Ni alloys quenched from 1273 to 273 K, were measured by means of a high-resolution neutron powder diffractometer using a time-of-flight (TOF) method. Diffraction patterns were analyzed by the Rietveld method and the single-peak method. Residual thermal phase strains obtained in the rod specimens or the powders from the both methods are positive, i.e., tensile, for austenite (γ ) phase and negative for ferrite (α) phase, being consistent with the prediction from the difference in thermal expansion coefficients of the constituent phases. The Rietveld analysis combined with the TOF method is considered to give the most reliable results of the average thermal phase strain. The results by the single-peak analysis suggest that thermal phase strain shows [hkl] dependence; the absolute value of thermal phase strain is decreased with increasing of the Young modulus along the [hkl] direction.
Introduction
Many real materials are composed of multi phases whose properties differ physically from each other. The α-γ stainless steel is one of the typical examples, which is composed of ferrite (α) phase with body centered cubic crystal (bcc) and austenite (γ ) phase with face centered cubic crystal (fcc). Thermal phase stresses are often generated in the constituent phases of the two-phase steel due to the difference of their thermal expansion or contraction during temperature change, and remain as residual thermal phase stresses (σ ph th ). On heating or cooling, temperature varies more rapidly on the surface than in the internal region of a specimen, generating thermal macroscopic residual stresses (σ M th ). It is generally difficult to separate σ ph th and σ M th from the data obtained by means of X-ray stress measurement method. 1) When neutron diffraction with the penetrability of several cm is employed, stress distribution within a bulk sample or averaged stress of the whole sample can be determined. 2, 3) Harjo et al. measured σ ph th in α-γ Fe-Cr-Ni alloys firstly by using a neutron diffractometer with an angle-dispersion (AD) method at Research Reactor Institute of Kyoto University (KURRI). 3) In their study, five Fe-Cr-Ni alloys were prepared, whose chemical compositions lie on an equilibrium tieline in the ternary phase diagram; 4) an α single phase (S5), a γ single phase (S1) and three α-γ dual phase (S2, S3 and S4) alloys. The σ ph th produced by rapid quenching after solution treatment in the dual phase alloys were determined where the α and γ single phase alloys were used as the relevant reference materials. The obtained σ ph th showed good agreements with the phase stresses predicted by a micromechanics model. Although the measured residual strains seemed to be dependent on the hkl indexes, the details were not made clear be- * To whom all correspondence should be addressed.
cause the AD method was not appropriate to provide many hkl reflections. Subsequently, Harjo et al. made an in situ neutron diffraction experiment during tension-compression deformation for the same five alloys by using the AD method at Nuclear Physics Institute (NPI), Czech Republic. 5, 6) From the results obtained before deformation, the σ ph th determined in Ref.
3) was confirmed. However, the hkl dependence of the residual thermal elastic strain was still unclear because only one hkl reflection was measured for each constituent phase.
In the present study, therefore, the σ ph th measurements in the three Fe-Cr-Ni dual phase alloys were performed by means of a general-purpose neutron diffractometer using a time-offlight (TOF) technique. Because the TOF method provides sufficient number of Bragg reflections, the hkl dependence of the residual thermal elastic strain must be easily discussed. Adding to the rod samples, powders for S1, S3 and S5 alloys were prepared in this study.
Experimental Procedures

Materials
Five alloys were prepared by using a high frequency induction furnace with precisely defined chemical compositions to reach an equilibrium tie-line in the Fe-Cr-Ni ternary phase diagram. The alloys are identical with those used in the previous studies; 3, 5, 6) an α single phase (S5), a γ single phase (S1), and three α-γ dual phase (S2, S3 and S4) alloys with various volume fractions of α ( f α ). The f α for S2, S3 and S4 were 33, 53 and 67%, respectively. The obtained ingots with 40 mm in thickness were subsequently hot-rolled at 1523 K to 15 mm thick plates. Rod specimens with 10 mm in diameter and 50 mm in length were prepared in such a way that the vertical direction of the rod becomes parallel to the rolling direction. Powders were produced using a plasma rotating electrode process (PREP) in an argon gas atmosphere with ro-tational frequency of approximately 100 rpm, for S1, S3 and S5. The obtained powders were spherical and 150 to 250 µm in diameter. The rod specimens and the powders were annealed at 1273 K for 3.6 ks in vacuum followed by quenching into water with ice (273 K). Chemical compositions of the alloys, microstructures of the rolled plates and thermal expansion coefficients of the alloys have been reported previously in Ref.
3).
Neutron diffraction experiments
Neutron diffraction experiments were performed by means of a general-purpose diffractometer, VEGA, which has been installed at Neutron Scattering Facilities of High Energy Accelerator Research Organization, Japan. Pulsed neutrons coming from a spallation source were used as incident beam, and a TOF technique was employed in the diffractometer. The detailed descriptions of the diffractometer have been given in Ref. 7) . The geometrical arrangement for stress measurement is illustrated in Fig. 1 , where a vanadium container with φ10 mm×50 mm was used as a sample holder. Diffraction intensities at all the pixels on the backward bank were gathered with correction of their distances from a specimen. Because area of a pixel was 12.7 × 10.0 mm 2 , slits were not set in the present experiment. The incident beam was 40 mm in height and 20 mm in width so that the gauge volume was the whole part of a sample, i.e., φ10 mm × 40 mm. The exposure times were 10.8 ks for the powder specimen and 5.4 ks for the rod specimen, respectively. The lattice plane spacing measured was from 0.05 to 0. 23 nm.
Neutron diffraction profiles were analyzed by using a Rietveld refinement program RIETAN [8] [9] [10] and a single-peak fitting method. Space groups of Fm3m and Im3m were used for γ phase and α phase, respectively. The parameters refined during the Rietveld procedure include the lattice parameters, scale factors, March-Dollase orientation parameters, peak profile function parameters and a polynomial background function. Refinement agreement indexes were indicated as goodness-of-fit-indicator (S), S = R wp /R e ; see Ref. 11) for the detailed explanations for symbols, S, R, etc. Results of Rietveld refinements are usually acceptable if the value of S becomes not larger than 1.3. The values of S for the obtained diffraction patterns were listed in Table 1 . As seen, it was difficult to make S less than 1.3 for the rod specimens of S3 and S4. This may be attributed to texture in the specimens. However, it was still enough to determine lattice parameters for residual stress analysis.
Results and Discussion
Results of the Rietveld refinement
Figures 2(a)-(c) show neutron diffraction patterns for the powders of S1, S5 and S3, respectively. Experimental data were shown by "+" while the Rietveld-calculated pattern by solid line. These profiles exhibit very high S/N ratios leading to easy application of the Rietveld method. Diffraction peaks corresponding to α and γ phases in Fig. 2 (c) are clearly identified in S3. Figures 3(a) -(e) show neutron diffraction patterns for the rod specimens of S1, S5, S2, S3 and S4, respectively. Similarly to the results for the powders, rod specimens of S1 and S5 were identified as fcc and bcc single phase, respectively. Diffraction peaks corresponding to α and γ phases were clearly distinguished in the rod specimens of S2, S3, and S4. Table 2 lists values of March-Dollase orientation parameters (r) refined from the Rietveld refinement procedure. The r value represents the degree of texture. The values of r for the powders of the three alloys were from 0.994 to1.04. A specimen free from texture shows unity of r and hence the powder is the case. Inspection of Fig. 3 by comparing the peak intensity ratios of constituent phases shows that crystal-orientation distributions for γ phase in the rod specimens of S1, S2 and S3 were almost similar, while that in the S4 rod specimen was a little different. The crystal-orientation distribution for α phase in the S2 rod specimen was almost similar to that in the S3 rod specimen, while that in the S4 rod specimen was similar to that in the S5 rod specimen.
Lattice constants determined from the diffraction
profiles A single-peak analysis, i.e., an analysis of individual peak not all the peaks as was made in Section 3.1, was applied to determine peak positions of Bragg reflections. The profile function employed for Rietveld refinements was also used for the present analysis. An example of fitting is shown in Fig. 4 for the 200 reflection of γ phase in the S3 rod specimen. Lattice constants for the powders of S1 and S5 obtained by the present individual peak fitting are displayed in Fig. 5 
where s 11 , s 12 and s 44 are elastic compliances and m i is given
Values of s 11 , s 12 and s 44 as tabulated in Table 3 were estimated from the experimental data for similar alloys found in literature. 12, 13) The parameter of elastic anisotropy, 2(s 11 − s 12 )/s 44 , is thus 2.08 for γ and 2.40 for α. Here, E hkl /E 100 was plotted in Fig. 5 because E 100 was the lowest. As seen, the lattice constant for γ phase (a γ ) in the S1 powders and that for α phase (a α ) in the S5 powders obtained from the single-peak analysis are hardly dependent on (hkl) and close to those determined by the Rietveld procedure.
On the other hand, a γ in the S1 rod specimen and a α in the S5 one obtained from the Rietveld procedure and the single-peak analysis are displayed in Fig. 6 as a function of E hkl /E 100 . As can be seen, the scattering of the data obtained by the single-peak analysis is larger in comparison with and by the single-peak analysis (markers) for the powders of S1 and S5. those in the powders. The reason for this discrepancy is unclear. Most possible reason is the change in Ni and Cr concentrations of α and γ phases. As is noticed in Figs. 2 and  3 , the tendency of intensities of γ and α peaks is different in the powders and the rod for S3 although the influence of texture must be taken into consideration (particularly see the 111 reflection of γ phase and the 110 reflection of α phase). The change in α phase volume fraction associated with the change in the Ni and Cr concentration is suspected to occur during the PREP or annealing, resulting in slight difference in lattice constants. In order to estimate σ ph th in the dual phase alloys in the next section, therefore, the relevant a γ and a α are individually used as references. That is, the lattice parameters appeared in Fig. 5 are used for σ ph th evaluation of the S3 powder and those in Fig. 6 for the rod specimens. where a and a 0 refer to the lattice constants of specimens with and without residual stress, respectively. Residual thermal elastic strains for γ and α phases were evaluated by using a γ and a α for the S3 powders, a γ for the S1 powders and a α for the S5 powders all determined by the Rietveld refinement.
The results obtained are shown in Fig. 7 in which the results from the rod specimens explained later are also plotted. As seen, the results of S3 powders are quite close to those of the rod specimens. Because the diameters of the powders are from 150 to 250 µm and the grain diameter is approximately 13 µm, the powders are found not free from thermal phase stress; tensile (positive) strain exists in γ phase while compressive (negative) one in α phase, being consistent with our previous results in Ref.
3). The thermal expansion coefficient of the S1 (γ ) alloy is larger than that of the S5 (α) alloy as was examined by dilatometry.
3) Hence, γ grains shrink more largely than α grains in the dual phase alloys during rapid cooling after the solution treatment, resulting in residual tensile strain in γ grains while compressive one in α grains.
The equilibrium condition for thermal phase stresses within all over the sampling volume for a dual phase alloy would give the following condition for strains if thermal phase stresses, σ Similarly to the case of the S3 powders, ε ph th in the rod specimens of the dual phase alloys were determined by using the Rietveld-refined a γ of the S1 rod specimen and a α of the S5 rod specimen as a 0 in eq. (3) for γ and α phases, respectively. The obtained results are displayed in Fig. 7 . Consistently with the thermal expansion coefficient data, the strains in γ phase were positive and those in α phase were negative, showing good agreements with those for the S3 powders. The ε ph th values shown in Fig. 7 are also quantitatively consistent with the predictions from Eshelby and Mori-Tanaka theories 3) inserted in the figure. The evaluation of thermal phase stress by using the Rietveld refinement with the TOF method is concluded to be reliable because diffractions from many (hkl) planes are simultaneously taken into account.
Influence of (hkl) on thermal phase elastic strains
As has been made in many reports 2, 14, 15) including our previous one, 3) phase thermal stresses on cooling or heating are assumed to be in a hydrostatic condition for a dual phase alloy with spherical grains of both constituent phases. Thus, it might be enough to determine α σ ph th or γ σ ph th by using the lattice constant determined from the AD method for only one hkl reflection. However, the shape of grains is not exactly spherical in real alloys so that thermal phase stress distribution is not uniform. Elastic moduli depend on [hkl] of an individual grain. Hence, it is suspected that thermal phase strain would show some [hkl] dependence. Therefore, it is interesting to determine ε Fig. 8 Residual thermal phase elastic strains determined from individual (hkl) spacing obtained by using the single-peak analysis for the powders of S3 as a function of Young modulus ratio. the rod specimens of the dual phase alloys. Figure 8 shows ε ph th,hkl obtained for the S3 powders, in which the results are plotted as a function of E hkl /E 100 . As can be seen, all the ε ph th,hkl are positive for γ phase and negative for α phase, similarly to the results obtained from the Rietveldrefined lattice constants. A careful investigation of Fig. 8 may suggest that the absolute values of ε ph th,hkl decrease for the both phases with increasing of E hkl /E 100 .
The same examination was made for the rod specimens and the results were shown in Fig. 9 . As can be seen, ε ph th,hkl is positive for γ phase and negative for α phase in all the cases examined. The absolute values of ε ph th,hkl for the both phases seems to decrease with increasing of E hkl /E 100 , which is consistent with the trend observed in Fig. 8 .
From the results in Figs. 8 and 9 , it is suggested that ε ph th,hkl is slightly dependent on [hkl] and that the absolute value of ε ph th,hkl is decreased with increasing of E hkl .
Conclusions
Five Fe-Cr-Ni alloys, i.e., three ferrite (α)-austenite (γ ) alloys, an α single phase alloy and a γ single phase alloy, were carefully prepared, whose chemical compositions lie on an equilibrium tie line in the ternary phase diagram. Rod specimens were prepared from the five alloys, and powders were prepared from the α single phase alloy, the α single phase alloy and the α-γ alloy with ferrite volume fraction of 0.53. Thermal phase-stresses in α-γ dual phase alloys generated during quenching from 1273 to 273 K were measured by neutron diffraction with the time-of-flight method. The main results obtained are summarized as follows;
(1) Compressive strain for α and tensile one for γ are formed by the quenching in the rod specimens as well as the powders of the α-γ dual phase alloys. These results are reasonable from the consideration based on the thermal expansion coefficient which is larger in γ than in α; during quenching γ grains shrink more largely than α grains, yielding residual tensile strains in γ grains while compressive ones in α grains.
(2) The absolute value of residual thermal phase strain for α phase decreases while that for γ phase increases with the increase in volume fraction of ferrite, satisfying the stress equilibrium condition.
(3) Residual thermal phase strains determined from the Rietveld-refined lattice constants are believed to be the most reliable as the average thermal strains because the diffraction profiles from many (hkl) planes are taken simultaneously into account.
(4) The results of the single-peak analysis suggest that thermal phase strains depend on [hkl] ; the absolute values of thermal residual phase strains are decreased with increasing
[hkl] Young modulus.
